Astronomical observations have a unique ability to determine the laws of physics at distant times in the universe. They, therefore, have particular relevance in answering the basic question as to whether the laws of physics are invariant with time. The dimesionless fundamental constants, such as the proton to electron mass ratio and the fine structure constant are key elements in the investigation. If they vary with time then the answer is clearly that the laws of physics are not invariant with time and significant new physics must be developed to describe the universe. Limits on their variance, on the other hand, constrains the parameter space available to new physics that requires a variation with time of basic physical law. There are now observational constraints on the time variation of the proton to electron mass ratio µ at the 10 −7 level. Constraints on the variation of the fine structure constant α are less rigorous (10 −5 ) but are imposed at higher redshift. The implications of these limits on new cosmologies that require rolling scalar fields has already had its first investigations. Here we address the implications on basic particle physics. The proton to electron mass ratio is obviously dependent on the particle physics parameters that set the mass of the proton and the electron. To first order the ratio is dependent on a combination of the Quantum Chromodynamic scale, the Yukawa couplings, and the Higgs Vacuum Expectation Value. Here that relationship is quantitative defined for the first time. When coupled with previous determinations of the relation of the fine structure constant to the same parameters two constraints exist on the fractional variation of these parameters with time. A third independent constraint involving only the three parameters could set the stage for constraints on their individual fractional variation.
Introduction
The considerable evidence for late time acceleration of the expansion of the universe has also accelerated considerations of cosmologies other than the conventional ΛCDM cosmology and new physics beyond the standard model. Inherent in many of these alternative cosmologies and new physics is the possibility that fundamental constants such as the proton to electron mass ratio µ and the fine structure constant α may roll with time. The cosmological implications of such variations in time has previously been discussed in [1] , [2] and [3] , therefore the emphasis here is on the implications for new physics. Variations of µ and α requires variations in basic physics parameters such as the Quantum Chromodynamic scale, Λ QCD , the Yukawa couplings, h and the Higgs Vacuum Expectation Value ν. The expected time scales for a variation of the constants is on the order of a Hubble time which points to astronomical observations as the natural mode for detecting any change. The implication of a change in α for the parameters has been previously explored in Ref. [4] and [5] . Building on previous work such as e.g. Refs. [6] , [7] , [8] , [4] , [5] , [9] and [10] a connection between a variance of µ and the parameters is developed. A limit on the variation of µ at a redshift of 0.89 establishes the stability of µ to a part in 10 7 over a time period of a bit more than the last half of the age of the universe. Combined with the limits on (or observation of) a change in Ref. [16] α these observations define the allowed parameter space for deviations from the Standard Model of physics, a subject with few observational constraints. In section 2 the current observational limits on the fractional variations of µ and α are discussed followed by the development of the relation betwen the fractional variation of µ and the fractional variations of Λ QCD , ν and h. The previously determined relation of α is introduced to produce a set of two independent equations for the variation of th three parameters and the possiblity of a third independent relationship is discussed.
µ and α Observations
Astronomical spectroscopic observations that set limits on the variation of µ and α are generally observations of cold gas in Damped Lyman Alpha clouds (DLAs) that lie along the line of sight to a quasar. This gas produces absorption lines that are generally narrow and whose wavelengths can be established with reasonable accuracy. As its name implies, α measurements are made by observing atomic fine structure transitions in several different elements. Measurements of µ, on the other hand, involve searching for shifts in the spectra of molecular species such as molecular hydrogen Ref. [11] . While the α observations are all at optical wavelengths the µ measurements include both optical and radio observations. The higher spectral resolution of radio measurements provides very stringent constraints on a variation of µ. The situation with regard to α is a bit murky. There are reports of both temporal and spatial changes in α (Ref. [12] , Ref. [13] ) at the 10 −5 level which have been a subject of discussion. In contrast recent dedicated VLT with UVES observations (Ref. [14] , Ref. [15] ) have not been able to confirm these reports.
µ measurements
Observational constraints on ∆µ µ exist over the redshift range from 0.68 to 4.2. The most stringent limits come from radio observations of methanol and ammonia absorption lines in two systems with redshifts less than one (Ref. [16] , Ref. [17] ). These are the limits used here but for completeness Table 1 lists the most stringent ∆µ µ constraints for the ten objects examined for changes in µ. Fig. 1 shows the two low redshift observations in detail and Fig. 2 shows all of the observations. The radio observations errors are barely visible in Fig. 2 indicating the significantly improved constraints that the radio observations provide. All of the observational constraints on ∆µ/µ from radio (z < 1) and optical (z > 1) observations plotted versus the scale factor a = 1/(1 + z). All constraints are at the 1σ level. The low redshift radio constraints are difficult to see at the scale of this plot.
To [11] which accounts for the paucity of objects since molecular absorption features are found in only a few extragalactic sources. The PKS1830-211 methanol radio observation Ref. [17] is the most stringent constraint on a change in µ or at ∆µ µ = (−2.9±5.7)×10 −8 . This is the statistical limit using all four of the observed methanol absorption lines which includes the 12.179 GHz line. Doubts are expressed in Ref. [17] that this line has a completely common line of sight with the other three lines increasing the uncertainty to 10 −7 . The statistical result is retained in Table 1 and Fig. 2 but a 1σ uncertainty of ∆µ µ = 10 −7 is utilized in this analysis and Fig. 1 . This new constraint is a primary motivation for exploring the constraints on other fundamental physical parameters.
The new limits on ∆µ µ are at redshifts less than one, however, this time period is 57% of the age of a flat universe with H 0 = 70 and Ω m = 0.3. For comparison the bound on ∆µ µ at z = 0.88582 is equivalent to a linear time evolution of less than ±7.88 × 10 −18 per year as compared to current atomic clock measurements of ±5.8 × 10
−16 per year Ref. [9] . A linear evolution, however is very unlikely and is just used here as a comparison to the laboratory value.
α measurements
It is beyond the scope of this article to thoroughly discuss the current state of α measurements. If the claims of a temporal and spatial variation of α by Ref. [13] are true it would require a major deviation from the standard model. For the purposes of this paper α is assumed to be stable at approximately the 10 −5 level consistent with Ref. [15] and Ref. [14] . This does not affect the main result of the paper which is the connection between µ and the parameters.
The dependence of µ on Λ QCD , ν and h e
The new stringent constraints on ∆µ µ provide a strong motivation to determine the equivalent constraints they impose on the fundamental physics parameters that set the proton and electron masses. In the standard model these parameters do not vary but in super symmetry (SUSY) and other new physics theories they can. The constraints on the variance of µ therefore determine how far the new theories can stray from the standard model. The variation of µ is simply
The proton mass variation involves all three of the fundamental parameters Ref. [4] .
where a and b are constants of order unity and h e is the electron Yukawa coupling. In eqn. 2 the coefficients of the right hand terms have been left to be the general coefficients a and b but in Ref. [4] they have been set to add to one, a = 0.76 and b = 0.24 . This is because the proton mass is assumed to be proportional to a factor given by (Λ QCD ) a (h e ν) b . Both Λ QCD and ν have the units of mass while the Yukawa coupling h e is dimensionless. Since the product must have the dimensions of mass to match the proton mass the powers a and b must add to one. When the logarithmic derivatives are taken on both sides the powers become the coefficients and therefore must add to one as they do in Ref. [4] . If, however, there was another term in the proportionality that had the
By definition the electron mass is νh e , the product of the Higgs VEV and the electron Yukawa coupling, therefore dm e m e = dh e h e + dν ν
Combining eqns. 1, 2 and 3 yields
using the common assumption that the logarithmic derivatives
are the same for all i (Ref. [4] ). If a plus b add to one then the much cleaner expression in eqn. 5 is true.
Eqn. 4 provides the connection between a change in the dimensionless fundamental constant µ and a combination of changes in Λ QCD , h and ν. It assumes that the standard model relation between the parameters and the masses of the proton and electron still hold but unlike the standard model they are allowed to vary. The connection is, of course, consistent with the standard model where all of the terms are zero. Note that this is different from recent work by Ref. [18] and Ref. [19] who just considered a variation of the proton mass and restricted its change to only a variation of Λ QCD . The observational limit on ∆µ/µ then gives
over the last 57% of the age of the universe. The previously derived connection for α (Ref. [4] , Ref. [5] ) is
where R is a model dependent scalar. Under the assumption that
Equations 6 and 8 relate fractional changes in µ and α to fractional changes in Λ QCD , ν and h. The far right hand term in each of the relations represents the current observational constraints on µ and α. Equations 6 and 8 are two equations in the three unknowns ∆Λ QCD /Λ QCD , ∆ν/ν, and ∆h/h. As such they allow the ellimination of one of the variables but the resultant is still the combination of two of the unknowns. A third independent equation would allow the separation of the unknowns into three separate constraints on the individual parameters. A possibility is the gyromagnetic ratio g which can be expressed in a Taylor series expansion in α. Hyperfine splitting, such as observed in the 21 cm line is dependent on g along with α and µ which could provide an observational channel for the third equation.
Conclusions
Fundamental constants such as µ and α are sensitive monitors of possible changes in time of the basic laws of physics. Both involve complex physics that have many components and interrelationships such that the variance of any of the parameters can not be considered in isolation from the rest. The fundamental constants, however, are pure numbers and changes in those numbers are unambiguous and measurable. If the standard model relationships between the fundamental constants and the dimensionfull parameters are maintained fractional changes in the constants establish quantitative connections to fractional changes in the parameters. This work provides the connection between fractional changes in µ and a combination of fractional changes in the quantum chromodynamic scale, the Higgs vacuum expectation energy and the Yukawa couplings. This connection has model dependent parameters as does the previously established connection with fractional changes in α. A third possible constraint involves the gyromagnetic ratio g. Three indepedent equations raises the possibility of constraining the three parameters separately. To date no confirmed change with time has been found for either µ or α on astronomical time scales. These observational limits then provide quantitative limits on the allowed variance of the combination of parameters but not on the individual parameters themselves. The observational limits are consistent with the standard model and provide limits on the allowed deviations from that model.
